Introduction
Image-guided tumor management is a minimally invasive treatment for localized spinal tumors. Minimally invasive procedures require less resources, time, recovery, and cost, and often offer reduced morbidity and mortality, compared to other modalities. Many percutaneous techniques are available. Some aim to treat pain and consolidate spine (vertebroplasty). Others ablate or reduce the tumor (chemical and thermal ablation techniques). Spinal tumor management is considered with two different options: the first option is curative and the second one, far more frequent, is palliative.
In secondary spinal tumors, only few patients are surgical candidates and some benign or malignant localized spinal tumors are excellent indications for percutaneous curative ablation. Indeed, pain management in terminally ill patients with tumors involving spinal can be challenging. Conventional therapeutic options for pain control include radiation therapy and/or chemotherapy, surgery, and the use of opioids and other analgesics.
Existing image-guided techniques for the treatment of primary and secondary spinal tumors: ethanol ablation, cementoplasty, radiofrequency ablation, laser photocoagulation, radiofrequency ionization, and cryoablation are reviewed and debated. Indeed, each technique has its advantages and drawbacks. Ablation techniques are reducing the tumor size and treating pain. Cementoplasty is consolidating spinal and treating pain. Aspects of each technique including mechanism of action, equipment, patient selection, treatment technique, and recent patient outcome are presented.
Techniques

Vertebroplasty
Percutaneous injection of methylmethacrylate (Vertebroplasty) provides notable pain relief and spinal strengthening in patients with vertebral tumors (Gangi et Al, 1996 , Gangi et Al, 2003 .
Mechanism
The cement is highly resistant to compression forces but weak for torsion forces. For this reason, it should be used in the treatment and prevention of compression fractures. Owing to the mechanical properties of bone cement, which hardens as polymerization occurs, methylmethacrylate may also provide bone strengthening with stabilization of microfractures and reduction of mechanical forces. Consequently, injection of methylmethacrylate is also indicated when the object is to improve mobility in patients with osteolysis involving the weight-bearing part of the vertebral body, acetabulum , and more largely in all bones only submitted to compression forces. The pain-reducing effect of cement cannot be explained by consolidation of the pathologic bone alone. In fact, good pain relief is obtained after injection of only 2 ml of cement in a metastasis. Radiation therapy, which may prevent tumor growth, usually results in partial or complete pain relief, with most patients experiencing some relief within 10-14 days. Unfortunately, some patients may demonstrate insufficient pain relief or local tumor recurrence after initiation of therapy and are unable to tolerate additional therapy. Moreover, radiation therapy results in only minimal, delayed (2-4 months) bone strengthening that does not allow patients to stand who have extensive lytic lesions of the weight-bearing part of the acetabulum (report to percutaneous vertebroplasty chapter 11 for the indications, technique and results).
Chemical ablation with ethanol
Worldwide, ethanol ablation is probably the most accepted minimally invasive method for treating primary malignant hepatic tumors. Ethanol is also widely used in pain management (neurolysis) and ablation of osteolytic bone metastases ). If conventional anticancer therapy including radiotherapy is inefficient and high doses of opiate analgesics are necessary to control pain, alcoholization provides an alternative therapy.
Patient selection and technique
Palliative treatment of osteolytic painful spinal tumors without risk of fracture are the best indications for chemical ablation, when failure of conventional therapies (Gangi et Al, 1996) . After delineation of tumor location and size on contiguous pre-and post-contrast CT scans, the optimal puncture site and angle are defined. Contrast-enhanced CT is performed to determine the necrotic part of the tumor.
Ethanol injection in bone is very painful and alcohol instillation requires neuroleptanalgesia. According to the size, number of the lesions and pain relief, alcoholization is performed either as a multisession technique or as a one-shot technique. Following local anesthesia (Lidocaine 1%) a 22-gauge needle is placed in the non necrotic part of the tumor. Contrast medium 25% diluted is first injected into the lesion to predict the distribution before ethanol injection. In cases in which diffusion of the contrast medium extends beyond the tumor boundaries, particularly when reaching contiguous neurologic structures, the procedure is discontinued.
Depending on tumor size, 3 to 25 ml of 95% ethanol are instilled into the tumor. In large tumors, alcohol is selectively instilled into regions considered to be responsible for pain, usually the periphery of the metastases and osteolytic areas. After injection of three ml of alcohol, control CT evaluates the distribution inside the tumor. If the distribution of ethanol is uneven within the tumor (particularly in large metastases), the needle is repositioned in regions of poor diffusion and the injection is repeated.
The size and shape of the induced necrosis with ethanol is not always reproducible. It varies with the degree of vascularization, necrosis and tissue consistency. Thus, thermal ablation techniques are now preferred as they provide much more predictable ablation volumes.
Patient outcome
One of the major advantages of alcoholization of bone metastases, compared to radiotherapy or chemotherapy, is the quick pain relief occurring within 24 hours. In 74% of the cases the pain relief is satisfactory. In 26% of cases a reduction of the tumor size is observed whereas in 18,5% of cases the tumor size still increases. Duration of pain relief ranges from 10 -27 weeks. The best results are obtained with small metastases (diameters ranging from 3-6 cm). Low grade fever and hyperuricemia are noticed in the first three days following massive necrosis of tumor, after large amount of ethanol injection.
Thermal ablation procedures
Laser photocoagulation
The first interstitial thermal ablation of a tumor performed with laser therapy was reported in 1983. Since then, experimental studies have shown that a reproducible thermal injury can be produced with near-infrared wavelengths lasers (neodymium yttrium aluminum garnet Nd:YAG, diode laser 800 to 1000 nanometer wavelengths). Nd:YAG lasers have been used to treat tumors of the esophagus, stomach, colon, and pulmonary bronchus. The first use of lasers to treat patients with bone tumors was reported in 1993 (Gangi et Al, 2007 .
Mechanism
Lasers are intense light sources and they use photons -light energy-to produce their tissue effect. These properties enable reliable and direct transmission of high amounts of energy over long distances. Laser energy, with its powerful and precise ability to ablate, coagulate, and vaporize dense tissues as well as its transmissibility in optical fiber, is an ideal tool for use in percutaneous ablations. Interstitial laser photocoagulation (ILP) consists of percutaneous insertion of optical fibers into the tumor. The tumor is coagulated and destroyed by direct heating. From a single, bare 400mm laser fiber, light at optical or near-infrared wavelengths will scatter within tissue and be converted into heat. Light energy of 2.0 W will produce a spherical volume of ablation 1.6 cm in diameter in bone. Use of higher power results in charring and vaporization around the fiber tip. For producing larger volumes of necrosis (> 1.6 cm), it is necessary to fire multiple bare fibers arrayed at 1.5-to 2-cm spacing throughout a target lesion .
Equipment
Infrared laser are the most commonly used. Compact solid-state diode lasers are now available (wavelength around 800 nm) with power outputs up to 60 W. This energy can be delivered through fibers over 10 m in length with the great advantage of being fully compatible with MR imaging.
Patient selection and technique
Because of the small size of ablation with a bare tip fiber without cooling, the laser is used in small tumors or in case of RF contra-indications such as metallic implants. In those cases, if the tumor is large, multiple fibers are required. With a low-power laser technique, a very well defined coagulation volume of predictable size and shape can be obtained in bone tissue. However, the small size of the ablation limits its use in large tumors.
The best indication is the ablation of osteoid osteomas as this tumor does not usually exceed 1cm diameter. The laser fiber (400 to 600 μm) is inserted coaxially into the tumor under CT-guidance (1 mm collimation). In tumors surrounded by thick cortical bone, a drill needle is used (14-gauge Bonopty ® Penetration Set, RADI Medical Systems, Uppsala, Sweden) for the coaxial insertion of the fiber. The choice of the access route is crucial and should avoid all neuro-vascular structures. Moreover, the diffusion of the heat should be taken into account to avoid complications. If required, additional insulating techniques should be applied to protect adjacent vulnerable structures. For subperiosteal tumors, an 18-gauge spinal neddle is used to insert the fiber. The pain during the penetra-tion of the nidus is typical of osteoid osteoma. Thus, the procedure has to be performed under general anesthesia or regional block. Before ablation, a biopsy should be performed especially in doubtful cases. Then, the fiber is positioned in the center of the nidus.
To confirm the precise central positioning of the fiber, a short CT volume acquisition with multiplanar reconstructions can be helpful. The optimal positioning is the key point for the success of the procedure. For ablation, 2 watt power is applied for 6 to 10 minutes depending on tumor size. At the end of the ablation, 5 to 10 ml of rupivacaine 2 mg/ml are injected (strictly extravascular) in contact with the periosteum to reduce post-procedural pain.
Painful spinal metastases can be treated by inserting up to eight simultaneously energized bare fibers into the tumor with a roughly 2-cm spacing.
Patient outcome
The success rate is excellent and similar to RF ablation (Witt et Al, 2000 , Rosenthal et Al, 2003 . Over 170 osteoid osteomas were treated with laser ablation in the past 14 years in our institution. Successful treatment in a single session was achieved in 95% of cases. Post-procedural pain was systematically controlled with an association of non-steroidal anti-inflammatory drugs and analgesics during the first 12 hours. These drugs were administered before end of anesthesia. Major complications such as neurological damage were avoided by insulation techniques (see end of the chapter). As only notable complications, we report two cases of neurodystrophia of the wrist. Thus we advocate regional block for ablation of extremities nidi. We report 5% of recurrences, mainly in intra-articular lesions. All these recurrences were successfully treated by a second session (Gangi et Al, 2007 ).
Radiofrequency ablation
Radiofrequency ablation (RFA) is one of the most promising thermal techniques for the treatment of localized tumors. The use of radiofrequency ablation was first reported in 1990 for the treatment of hepatic tumors. The major advantage of RFA in comparison to chemical ablation (ethanol) is the better delimitation of the ablation zone without any risk of leak. The difficulty of bone tumors RFA lies in: the thermal protection of vulnerable surrounding structures (particularly nerve roots) and the penetration of the lesion in some cases. The thermal diffusion is well limited by thick cortical bone (5mm). However, in cases with thin (≤ 1 mm) or ruptured cortical bone the thermal diffusion made the procedure hazardous (Dupuy et Al, 2000) . The surrounding temperature (soft tissue) during RF ablation depends directly on the thickness of the cortical bone lamella and the distance from the periosteum (Bitsch et Al, 2006) .
In these cases the ablation should be very careful and use of different methods of protection of the surrounding structures and monitoring of the temperature is mandatory (see Thermal protection -Insulation). The temperature mapping with MRI is very promising in this field (Okuda et Al, 2004 , Seror et Al, 2006 .
Mechanism
Alternating electric current operated in the range of radiofrequency (RF) can produce a focal thermal injury in living tissue. Shielded needle electrodes are used to concentrate the energy in selected tissue. The tip of the electrode conducts the current, which causes local ionic agitation and subsequent frictional heat which leads to focal ablation. Basically, the term radio frequency refers not to the emitted wave but rather to the alternating electric current that oscillates in the range of high frequency (200-1.200 kHz). Schematically, a closedloop circuit is created. The conventional "monopolar" technique uses a single electrode directly inserted into the tumor and large dispersive ground pads to close the electrical loop. However with monopolar radiofrequency ablation, the current density drops off as the inverse square of the distance from the electrode and heating drops off as the inverse of the fourth power of the distance thus producing a limited area of ablation. To increase radiofrequency-induced coagulation necrosis, several investigators proposed bipolar radiofrequency ablation.
In the bipolar mode, a second electrode is used instead of the dispersive plate, and there is a high and constant electric field gradient between the two electrodes. Bipolar radiofrequency ablation creates larger, faster and more predictable ablation than the monopolar mode (Buy et Al, 2006) .
For "bipolar" technique, no ground pad is necessary as the electrical loop in enclosed between the two electrodes. With bipolar mode, the tumor is taken into brackets (one electrode on each side of the tumor). This closed electrical loop between the two electrodes produces a much better delimitation of the ablation with protection of surrounding tissue. However, if the duration of ablation exceeds 10 minutes, even with bipolar technique a thermal diffusion can lead to adjacent tissue ("hot potato effect").
A bipolar RF could also be achieved with a unique electrode with two different polarities on the same electrode. The bipolar method creates large well defined oval areas of coagulative necrosis and is less dependent on local tissue in-homogeneities.
To increase the size of the ablation, recent generations of machines use multipolar technique combining conventional monopolar and bipolar techniques.
Equipment
Each radio-frequency device consists of an electrical generator, electrode, and ground pad. The generators used in our department are all impedance-based RF ablation system. Bipolar technique is particularly useful for a better delimitation of the ablation. Each manufacturer has a different probes electrode design.
The difficulty with bone ablation is the penetration of the tumor. Needle-shape probes are easier to insert than multitined expandable electrodes. However, in lytic tumors, any type of probes can be used (multitined, perfusion, internally cooled). If the tumor is surrounded by cortical bone, a dedicated bone trocar and in some cases a drill are required, for coaxial insertion of the RF electrode.
Patient selection and technique
Consensus indications in oncology are ill defined, despite widespread proliferation of the technology. Image-guided local tumor treatment relies on the assumption that local disease control may improve survival (Wood et Al, 2002) . The indications of RFA in bone can be curative or palliative (Gangi et Al, 2005) .
The major indications of spinal RF ablations are pain palliation cases with painful bone metastases not controlled by conventional therapies. For a complete ablation, the tumor size should be less than 5 cm in diameter. Tumor reduction for example large spinal metastases of thyroid cancer in association with 131 iodine therapy can also benefited by this technique. The curative indications of spinal RF are: primary or secondary spinal tumors with contra-indication of surgery or patient refusing surgery. Osteoid osteoma and osteoblastoma are the best illustrations for curative percutaneous ablation.
Ablation protocols must vary with the size of each lesion. On the basis of a 3-cm thermal injury, tumors less than 2 cm in diameter can be treated with one ablation, tumors greater than 3 cm require 4 to 10 overlapping ablations with monopolar technique. The length of a single procedure depends on the number of ablations performed. The best guidance system for spinal tumors ablations is the CT. However, combination with fluoroscopy is particularly useful in some localization (spine) or when a cementoplasty should be associated to the ablation . Bone RFA is a painful procedure which requires regional block or often general anesthesia. At the end of the ablation, 5 to 10 ml of rupivacaine 2 mg/ml are injected (strictly extravascular) in contact with the periosteum and an association of non-steroidal anti-inflammatory drugs and analgesics is systematically prescribed during the first 12 hours to reduce post-procedural pain. These drugs are administered before end of anesthesia.
In osteoid osteomas, the technique of RFA is similar to laser ablation (see paragraph 2.3.1). The small size of this nidus doesn't require large ablation with perfusion or internally cooled electrodes. A one cm active tip electrode is used to reach a temperature of 90°c during 6 to 10 min. The success rate is similar to laser ablation, over 85% (Rosenthal et Al, 1995 , Rosenthal et Al, 2003 . Recurrence rate varies between 5 and 10%.
However, if a cortical bone has to be passed through, a bone biopsy needle has to be used. Then the electrode is coaxially inserted into the lesion. Because the bone needle is not insulated, it should not be in contact with the active part of the RF electrode. For this reason, after the insertion of the electrode, the bone needle is pulled back to avoid the electrical conduction along the needle track. As usual, the ablation protocol begins with low power with progressive increases. To avoid fast increases of impedance, the electrode tip should not be directly in contact with mineralised bone. The oven effect is particularly marked when the tumor is surrounded by cortical bone. In case of rapid increase of impedance, the power should be reduced.
For tumors in close proximity of neurological structures or other organs, thermal protection techniques are required. They are based on continuous thermal monitoring of adjacent vulnerable structures with one or more thermocouples (temperature sensors) and on organs displacement or insulation using hydrodissection, CO2 injection or balloon interposition (see paragraph 2.5).
For large volumes of ablation in tumors involving the vertebral body, additional consolidation with cementoplasty or surgery should be considered to prevent the risk of secondary fracture (Toyota et al., 2005) . To avoid too fast setting of cement, the injection is delayed until the temperature of the tumor has fallen to normal level.
Patient outcome
For osteoid osteomas, the success rate of bone RFA is similar to laser (>85%). For malignant painful spinal tumors, significant and rapid pain relief is achieved in 78% of cases with substantial decrease of medication. We perform an MRI control one month after the procedure. The ablation zone appears hypo-or non-enhancing. Complete necrosis is associated with no enhancement inside the tumor best seen on dynamic sequences with subtraction. During the first hours (6 to 24 hours) patients presented substantial amount of local pain well controlled with narcotics and NSAID. With block anaesthesia, post procedural pain was easier to control. In our series of 147 patients treated for a maximum of three spinal metastases, satisfactory results with notable decrease of visual analogical score (VAS) and reduction of analgesics doses were obtained in 87% of patients. Due to the advanced disease, recurrence of pain in relation to other metastases is common, but the large majority of patients remain pain free at the ablated area.
Cryoablation
Cryoablation refers to the application of extreme cold to destroy diseased tissue, including cancer cells. Research in the field of cryobiology has demonstrated that critical temperature to achieve cell death is between -20 °C to -40°C with temperatures higher than this resulting in supercooling of the tissues, but no intracellular ice formation (Hoffmann, 2002) . Since the 1960s, cryoablation has been used to destroy skin lesions. With the improvement of imaging techniques and the development of percutaneous cryoprobes, physicians have begun to perform cryoablation for prostate, liver, bone, kidney and cervical cancer ( Indeed, the use of liquid nitrogen for tissue cooling with lack of well-insulated probes and large diameters of the cryoprobe require laparoscopic interventions. The percutaneous cryoprobes are based on delivery of argon gas through a segmentally insulated probe and rapid expansion of the gas in the sealed probe tip, which results in rapid cooling that reaches -100°C within a few seconds. Active thawing of the ice ball is achieved by instilling helium gas instead of argon gas into the cryoprobes.
Mechanism
Last-generation cryoablation equipment offers advantages over previous designs. These machines rely on argon for freezing but also use helium to warm probes and accelerate the treatment process, and they offer additional safety by being able to stop rapidly the iceball formation. This fundamental advance involved the application of the Joule-Thomson effect. When a gas is expanded through a pinhole valve, its temperature might decrease. In some gases, such as argon, the atoms stick to each other, whereas in others, such as helium, they repel each other. Hence, there are two major classes of so-called intermolecular interactions: attractive (sticking marmalade) and repulsive (pushing rubber) interactions. This transition from a low internal energy state to a high internal energy state consumes energy, draining it from the environment. This is perceived as a drop in temperature (argon -185.7°C). Importantly, a few gases, such as helium, show the opposite behaviour, heating up under expansion. The repulsive forces in helium and hydrogen outweigh the sticking forces, resulting in heating instead of cooling, as described for the other gases. In cryoablation, the application of this principle with gases with different Joule-Thomson behaviours offers the opportunity to clinically freeze or thaw tissues (Theodorescu, 2004 , Baust et Al, 2005 .
The destructive effects of cryoablation can be grouped into two major mechanisms: cellular injury and vascular injury.
Direct cell injury
The damaging effects of low temperature on cells begin gradually as temperature drops. In fact, if continued for a sufficiently long time, cell death might result, even without exposure to freezing temperatures (Theodorescu, 2004). As the temperature falls to less than 0°C, water crystallizes. This results in more significant damage than with mere prolonged cooling.
Crystal formation first occurs in the extracellular spaces, which withdraws water from the system and creates a hyperosmotic extracellular environment. This in turn draws water from the cells. Effective "cellular dehydration" occurs predominantly between 0°C and -20°C. Given enough time in this dehydrated state, the increased intracellular electrolyte concentration is often sufficient to destroy the cells. However, this effect might not be lethal to some cells. In these situations, the formation of intracellular ice, which begins at temperatures below -20°C, is almost always lethal (Baust et Al,, 1995 , Mazur, 1977 . Many cells might contain ice crystals by -15°C, but to be certain of intracellular ice formation the temperature needs to drop to less than -40°C (Baust et Al, 1995) . From the clinical perspective, it is important to note that intracellular ice crystal formation is more efficient at rapid cooling rates; slower rates of cooling will result in cellular dehydration as described above. During thawing, ice crystals fuse to form larger crystals, a process called recrystallization, which occurs at temperatures warmer than -40°C. In tissues with closely packed cells, these large crystals are disruptive to cell membranes and cause additional cell damage (Theodorescu, 2004) . It is important to remember that the temperature of the edge of the ice ball is 0°C, which is not sufficient for systematic cell death. It means that the ice ball should systematically extend 5 mm beyond the tumor borders.
Vascular injury
Loss of circulation resulting in cellular anoxia and hypoxia is considered the main mechanism of injury in cryosurgery. During the initial freeze cycle, the tissue responds with vasoconstriction, with a resultant decrease in blood flow that eventually ceases when freezing is complete. During thawing, the circulation returns with a compensatory vasodilatation. However, the endothelial damage from cryoablation results in increased permeability of the capillary walls, edema, platelet aggregation, and microthrombus formation. Progressive circulatory stagnation results over the ensuing hours. Many small blood vessels become completely thrombosed 3 to 4 hours after thawing. Larger arterioles might remain open for up to 24 hours. Together, these effects culminate in tissue necrosis, except at the periphery of the previously frozen volume of tissue (Cooper, 1964 , Theodorescu, 2004 .
Equipment
Currently available equipment relies on the Joule-Thomson effect (Galil Medical, Yokneam, Israel) of argon gas for their freezing; they also use helium gas and its reverse Joule-Thomson effect to warm the probes and therefore accelerate the treatment process. They also offer additional safety by being able to arrest rapidly iceball formation. Metallurgic advances have led to the development of thinner probes (17-gauge), which have been easily adapted to percutaneous interventions (Theodorescu, 2004) .
One of the major advantages of these new systems is the possibility of insertion of multiple probes (up to 25) and use of them simultaneously. There is evidence to suggest that when a given volume of tumor is subjected to lethal temperatures by three smaller probes, compared with one larger probe, the affected volume is greater with the multiple probe arrays. Different cryoprobes are available producing various size and shape of ice ball.
Patient selection and technique
The indication and the procedure are very similar to RF ablation. The planning of the procedure is the same. However, up to 25 cryoprobes can be inserted simultaneously. The learning phase is shorter but the danger of surrounding tissue damage sill exists. The insulation with fluid should be avoided. For tissue insulation and protection of surrounding organs, the best is to use CO 2 .
The procedure is performed under sedation or general anaesthesia. Percutaneous cryoablation appears to require less analgesia than RF ablation. Prospective trials with validated pain scales are needed to examine this further (Allaf et Al, 2005) . Cryoablation of skeletal metastases is a time-consuming procedure. Two 10-minutes freeze cycles, which separated by an 8 minutes passive thaw, are performed per position. Spiral CT with multiplanar reconstruction is used intermittently to monitor the ice ball.
What results at the tip of the probe is an "ice ball," which has a predictable geometry based on the length and diameter of the expansion room at the tip of the probe. For complete necrosis of the tumor, it is important to extend the margins of the ice ball minimum 5 mm distance beyond the tumor margins in order to ensure complete cell death. This ice ball can be visualized by various imaging technique including ultrasound, computed tomography (CT) and magnetic resonance imaging (MRI). Ultrasound, though very practical for certain applications, does not permit visualization deep into the most superficial portion of the ice ball. Most centers do not have the capability to employ MRI during the treatment process. This leaves CT imaging as the most practical and widely employed modality for this purpose.
In comparison to other forms of percutaneous ablation, cryotherapy offers the additional advantages of direct visualization of the ice ball and less postprocedural pain (Beland et al., 2005 , Callstrom et al., 2006 . Cryoablation is also efficient in painful sclerotic spinal metastases.
Effective cryoablation tissue injury depends on four criteria: 1) excellent monitoring of the process; 2) fast cooling to a lethal temperature; 3) slow thawing; and 4) repetition of the freeze-thaw cycle. Meeting these criteria depends on the imaging to visualize precisely the iceball, the size of the probe, and probe arrangement (best gap between probes 2 cm) ( 
Patient outcome
Percutaneous cryoablation seems to be a safe and effective method for palliation of pain due to metastatic disease an to treat small primary tumors involving spine (Callstrom et Al, 2006) . Successful cryoablation tissue destruction depends on four criteria: excellent monitoring of the process; fast cooling to a lethal temperature; slow thawing; and repetition of the freeze-thaw cycle (two cycles minimum). Repetition of the treatment cycle is associated with more extensive and more certain tissue destruction, because cells are subjected to additional deleterious physicochemical changes after they are already weakened by damage sustained in the first cycle (Gage et Al, 1998) .
The longer the thaw duration, the greater the damage to the cells; current data suggest that slow thawing is a more important mechanism of cell death than rapid cooling (Gage et Al, 1998 , Theodorescu, 2004 .
Careful monitoring of the cryoablation is mandatory to avoid freezing of any nearby neurovascular structures and the skin. Similar to RF ablation, large vessels may act as a heat sink protecting both themselves and adjacent structures. Concerning nerves, if they are inadvertently incorporated into the periphery of the ice ball, with temperature is greater than -20°C, a temporary neuropraxia may develop, which should resolve with time. If in the center of the ice ball, where temperatures of -40°C or lower predominate, permanent neurological damage may result (Korpan, 2001) . To prevent pathological fractures, a consolidation is necessary particularly in vertebral body tumors (Bickels et al., 2004) . In spinal or acetabular tumors, a percutaneous cementoplasty should be associated to cryoablation to avoid a compression fracture. The cement is injected after complete thawing of the iceball or the day after the cryotherapy.
A syndrome of multiorgan failure, severe coagulopathy, and disseminated intravascular coagulation following hepatic cryoablation has been described and referred to as the cryoshock phenomenon (Bageacu et Al, 2007 , Seifert et Al, 2002 , Seifert et Al, 1999 ).
Radiofrequency ionization
Radiofrequency ionisation is a low temperature bipolar technique producing a plasma field at the tip of the electrode. The plasma breaks the intramolecular bonds. This method creates a cavitation inside the tissue and achieves decompression. Radiofrequency ionization is widely used in ENT surgery, cardiac surgery, arthroplasty and spine nucleotomy. However this technique has recently been introduced for spinal tumor decompression and the first bone treatment was performed in our institution in 2004.
Mechanism
Radiofrequency ionization is based on Coblation ® technology (controlled ablation). This non-heat driven technique uses a bipolar RF electrode to excite a conductive medium (saline solution), creating a focused high energy plasma (Belov, 2004) . This plasma, acting like a condenser, has sufficient energy to break the intra-molecular bonds inside the tumor. Thus, complex molecules are disintegrated into simple molecules, mainly gas that escape through the introducer needle. This process is achieved at relatively low temperatures (40 to 70°C), compared to conventional thermal ablation radiofrequency devices. The ionization process consumes most of the heat and no radiofrequency current passes directly through the target tissue. The result is volumetric removal of the tumor with minimal damage to surrounding tissue.
Equipment
Spinal RF ionization inside bone requires dedicated RF generator and a 16-gauge bipolar electrode (Cavity ® ). A bone trocar allows tumoral access and coaxial insertion of the RF electrode. A side arm catheter is connected to the electrode to slowly inject saline solution for activation of the plasma field. The bended tip of the electrode allows to dig several channels inside the tumor by rotation of the electrode on its axis. These manoeuvres are monitored under fluoroscopic guidance. If a risk of neurological damage exists, a CT fluoroscopic monitoring is mandatory to avoid accidental nerve injuries.
Patient selection and technique
The best candidates for this technique are non surgical painful spinal tumor with intracanalar extension, or rupture of the vertebral posterior wall with risk of retropulsion of the tumor after vertebroplasty. In these cases, reduction of volume allows a reduction of pressure. In spinal lesion after the cavitation, acrylic cement is injected in the cavity for consolidation.
Rupture of the posterior wall of the vertebral body with high risk of cement leak or shift of the tumor in the canal with neurological consequences is another indication for coblation. In spinal tumors a previous cavitation before vertebroplasty is advocated by some authors to reduce the risk of leakage. In comparison to intravertebral expandable systems which increase the intratumoral pressure, cavitation creates a void without increasing the pressure and pushing the tumor.
Patient outcome
During cavitation, there is no increase of the epidural temperature. The temperature of the tip of the electrode is 70°C. The caviation can be visualised on CT scan with intratumoral gas but it's not systematic. After, cementoplasty, the distribution of the cement is well correlated to the cavity created. No major complication were reported and in two cases we observed a reduction of neuralgia due to tumor decompression. Caviation allows an easier and safer injection of cement with reduction of the risk of leakage and retropulsion of the tumor (Georgy et Al, 2007 ).
Thermal protection -insulation
Percutaneous image-guided thermal ablation has been used in the treatment of a wide variety of the tumors in the human body. Although considered minimally invasive, there is a potential risk of thermal injury to the adjacent vulnerable structures, such as bowel, gall bladder, urinary tract and nerves. To prevent these complications, several methods have been reported, which include fluid, gas or balloon interpositions between the adjacent non-target structures and the ablation zone (Kam et et Al, 2004 , Laeseke et Al, 2006 , Gangi et Al, 2007 , Diehn et et Al, 2003 . Placing a thermocouple adjacent to the non-target vulnerable structures provides continuous monitoring of the surrounding temperature and thus precise regulation of the cooling or heating regimens. Radiofrequency heating at 45°C has been shown to be neurotoxic to the spinal cord and the peripheral nerves; thus maximal precaution should be taken when no intact insulating cortex remain between the tumor and the neurological structures (Dupuy et Al, 2000) . Interposition of bone increases the insulation but depends on the thickness of the bone lamella. Bitsch and al (Bitsch et Al, 2006) investigated heat conduction and dissipation in cortical bone during RF ablation and their results show temperatures directly at the periosteum of 50°-70°C for several minutes, which would imply significant damage to nerve tissue and adjacent structures. Temperatures only decreased below the 45°C mark at 10 mm from the periosteum in all specimens without perfusion. Only the 5-mm lamella thickness group did not reach this mark at 5 mm from the periosteum.
Dupuy et al (Dupuy et Al, 2000) underline the difference of thermal diffusion in bone and soft tissue.
In their experimentation, the temperatures generated were consistently lower within the vertebral body than those in paraspinal muscle for similar treatments. For example, at 10 min the maximum temperatures observed in bone were 48°, 41°, and 39°C at a distance from the radiofrequency electrode of 5, 10 and 15 mm, respectively, compared with a maximum of 84°, 62°, and 58°C, in paraspinal muscles.
Protection techniques can be used singly or in combination if necessary to reduce unintended thermal injury to the non-target structures.
Hydrodissection is one of the most commonly used techniques. When performing a hydrodissection in a RF procedure, saline is not a suitable solution due to its high electrical conductivity. D5% or sterile water has been advocated. However, large amounts of fluid may be necessary to provide an adequate thermal insulator blanket and this may induce fluid overload. In diabetic patients, use of D5% can result in significant increase of serum glucose levels which need to be monitored both during and after the ablation procedure. We do not use fluid in cryoablation, as the fluid can easily freeze in contact with the ice ball and thus increase the risk of damage to adjacent organs. CO 2 is a natural by-product of human metabolism. It has been used in medical field for decades. Its lacks of renal and hepatic toxicity, non allergic nature, high solubility and ability to be injected in a cohesive bolus allows it to be used an alternative contrast medium in angiography for patients with renal insufficiency and allergy to iodinated contrast. It is not advocated in supra-diaphragmatic or coronary angiography for fear of cerebral embolism when injected in large boluses.
Carbon dioxide is highly soluble in blood and fairly innocuous to the peritoneum. It is eliminated by respiration. However, when large amounts of CO 2 are injected to induce pneumoperitoneum during laparoscopic procedure, abdominal cramping and discomfort post-procedurally have been reported. CO 2 has lower thermal conductivity (14.65 mW/mK at 0 degree Celsius) than water or air (23.94 mW/mK). It displaces the non-target structures away from the treatment zone, creating an excellent thermal insulator blanket. In our experience, using the dedicated CO 2 injection syringe allows for precise control of the volume of gas insufflated in the desired zone under positive pressure (1.326 atms or 1.3 bars). It results in lesser volume of CO 2 injected as compared to Kam et Al and thus no post procedural discomfort. The presence of a special filter on the injector syringe prevents contamination with room air. Room air is less soluble than CO 2 and may create fatal air embolism, especially when used in large amounts in the peritoneal cavity. Moreover, air has a slightly higher thermal conductivity than CO 2 .
Thermal insulation by CO 2 dissection cannot be used in ultrasound (US) guided interventions as the ring down artifact from gas and completely deteriorates the image. Further, sound waves are unable to adequately penetrate the ice ball created by cryoablation and hence complete lesion coverage cannot be accessed by US. On the other hand, CT exquisitely delineated gas from the surrounding soft tissue structures and allows excellent visualization of the ice ball. Thus CT not only allows for monitoring of the progression of the ice ball and completeness of lesion coverage in cryoablation but also monitors the CO 2 thermal insulator blanket which may necessitate repeated injection if necessary.
The association of CO 2 insulation and thermal monitoring increases the safety of the procedure. The thermocouples can be inserted coaxially through an 18 spinal needle. A side arm fitting is used to fix the thermocouple inside the spinal needle and the side arm allows the injection of D5W or CO 2 for the cooling or insulation of the vulnerable structures if necessary. The number of thermocouples used depends on the structure closer than 3 cm from the tumor without bone interposition.
The gas insulation is very efficient in the protection of the surrounding organs but not enough and injection of fluid for cooling is necessary if the temperature of the structure exceed 43°C (Froese et Al, 1991) . However, special care is needed with RF ablation. The tip of metal based thermocouple should never be placed too close to the RF electrode, as this could result in arcing and electrical conductivity. In such cases, laser thermosensors are more suitable.
In our experience, carbon dioxide dissection using a dedicated CO 2 injector is a safe and simple method to provide thermal insulation. CO 2 can be easily and precisely injected via 22-gauge spinal needles to displace non-target organs away from the treatment zone, provides adequate neural protection and achieves a well defined thermal insulator blanket. The combination of CO 2 dissection with continuous temperature monitoring of adjacent vulnerable structures utilizing a thermocouple provides greater safety during thermal ablation procedures. Under CT guidance, the displaced organs can be clearly visualized and the margins of the ablated zone better monitored particularly when controlling the aggregated ice ball created by cryoablation. CO 2 dissection increases the success rate and the safety of percutaneous CT guided thermal ablation procedures with reduction in unforeseen complications.
Treatment strategy
The management of patients with spinal tumors requires consideration of many factors: -histology of the tumor with differentiation of benign and malignant tumors -careful evaluation of the patient's general condition -an understanding of the disease process -an appreciation of the degree of bone destruction (consolidation) -a working knowledge of available treatment options -and always having in mind the goal of the treatment. Curative or palliative?
Curative treatment
For benign lesions such as osteoid osteomas or osteoblastomas, their size usually doesn't exceed 3 cm, thus single ablation technique is sufficient.
For malignant non surgical patients, a multidisciplinary decision is mandatory. In slow growing cancers with less than 3 proven localizations and less than 5 cm size, a percutaneous ablation can be considered with curative intent. Thermal ablation further weakens the involved medullary bone. If weight bearing bone (vertebral body) is involved with risk of pathological fracture, additional consolidation utilizing cementoplasty or surgery is necessary. However, cementoplasty is only reserved for flat bones submitted to compression forces.
Palliative treatment
For palliative treatment of painful spinal tumors (metastases), the therapeutic goal is no longer a complete ablation of the tumor but one or more of the following: -tumor reduction -pain management -prevention of risk of pathological fractures -in some cases, decompression of spinal tumors extending towards the spinal canal or prevention of intracanalar tumoral retroplusion after vertebroplasty. A precise clinical evaluation of the patient is mandatory: origin, location and intensity of pain, previous treatment, tolerance of anesthesia, and life expectancy. Whole body imaging is necessary to precisely analyze the lesions and their relationship to surrounding structures. Multidisciplinary decision is required to choose the more efficient and less disabling technique. 1. For painful tumor involving the vertebral body without invasion of surrounding tissues, associated with risk of compression fracture, single vertebroplasty is the most adequate technique. 2. For painful spinal tumor with extension to surrounding soft tissues, thermal ablation is required to reduce the tumoral volume and control the pain referred to soft tissue invasion. However, if there is a risk of pathological fracture, additional consolidation technique is required (vertebroplasty). 3. For non-surgical spinal tumors extending towards the canal with rupture of the posterior wall and epidural extension, percutaneous tumor decompression utilizing radiofrequency ionization is the best technique. After tumor decompression, the cavity created is filled with cement.
Conclusion
Management of spinal tumors can be benefited by the development of numerous percutaneous techniques, mainly based on consolidation (cementoplasty), on tumor ablation (ethanol, laser abaltion, radiofrequency ablation, cryoablation) and on tumor decompression (radiofrequency ionization). Moreover, these percutaneous techniques may be performed prior to radiation therapy, which complements their action due to similar but delayed effects on pain, or after radiation therapy that failed to relieve pain or in cases of local recurrence. The main advantage of thermal ablation techniques is the ability to create a well-controlled focal thermal injury with minimal morbidity and mortality to date.
The choice of the treatment is a multidisciplinary team work. An excellent knowledge of the different available techniques and their indications is required. A proper patient selection helps to determine the therapeutic intent: curative or palliative, and to use the most adapted technique. More complex cases will often require combined therapies. However, the less disabling technique should always be considered first.
